This study assesses the maximal reliability of a newly developed battery of executive function (EF) tasks for use in early childhood. It also demonstrates how changes in maximal reliability can inform the selection of different short forms of the battery, depending on child age. Participants included children from the Family Life Project (Vernon-Feagans, Cox, & Family Life Project Investigators, in press)-a prospective longitudinal study (N ϭ 1,292) of families that were recruited at the time of the birth of a new child-who were assessed at ages 3, 4, and 5 years. Results indicate that the EF battery had reasonably good maximal reliability ( ϭ .73, 95% confidence interval [CI] ϭ .69, .76) in a mixed-age sample of children randomly selected from assessments at ages 3, 4, and 5. In contrast, maximal reliability of the battery ranged from poor to modest for within-age samples (s ϭ .47 [95% CI ϭ .37, .52], .62 [.57, .66], and .61 [.55, .66] at ages 3, 4, and 5, respectively). Although the derivation of a 3-task short form of the battery always resulted in statistically significant decrements in maximal reliability, in some cases the relative decrement was quite modest and may be tolerable given the time savings and potential reduction in participant burden. The benefits of using maximal reliability to both evaluate task batteries and derive short forms are discussed, as well as how a focus on maximal reliability informs ongoing questions about the measurement and conceptualization of EF in early childhood.
of EF, as well as for testing questions about its dimensionality (Miyake et al., 2000; Wiebe, Espy, & Charak, 2008 ). An emerging consensus has indicated that, whereas EF is a unidimensional construct in early childhood, it is multidimensional in late middle childhood and beyond (see e.g., Shing, Lindenberger, Diamond, Li, & Davidson, 2010) . Hence, although there is no strong theory about the dimensionality of EF, the empirical literature has provided support for the notion of unity and diversity in EF (Garon et al., 2008; Miyake & Friedman, 2012) .
In the case of early childhood, not only have single-factor models of EF tended to provide the best relative fit to the data (but see Schoemaker et al., 2012 , for a recent exception) but they have also provided outstanding global model fit. Many researchers may have erroneously assumed that excellent global model fit was synonymous with excellent measurement. Paradoxically, CFA models with poorer quality measurement often have better global model fit than do comparable models that are characterized by better quality measurement (Hancock & Mueller, 2011) . As noted in this journal and elsewhere, whereas single-factor models have provided excellent global model fit to our newly developed battery of EF tasks, the latent variable explained only 25%-50% of the observed variation in any given task Willoughby, Blair, Wirth, Greenberg, & Family Life Project Investigators, 2010 . Similar results were evident in other studies involving young children (Hughes, Ensor, Wilson, & Graham, 2009; Wiebe et al., 2008 Wiebe et al., , 2011 and adults (Ettenhofer, Hambrick, & Abeles, 2006; Miyake et al., 2000) . Hence, this phenomenon may not be specific to our battery or to a given age period.
Maximal reliability provides a quantitative index of the quality of measurement of a latent variable from a given set of indicators (Hancock & Mueller, 2001; Raykov, 2004; Raykov & Hancock, 2005) . The first objective of this study was to provide estimates of the maximal reliability () of a recently developed battery of EF tasks for use in early childhood. Given that most studies of EF in early childhood include children who span from 3 to 5 years of age, we initially provide the maximal reliability of latent EF ability as measured by the battery for children who were sampled across the age 3, 4, and 5 assessments. However, because children in this study completed the battery at multiple ages, we also provide separate estimates of the maximal reliability of the battery at each assessment. Given appreciable mean level changes in EF performance on this battery between ages 3 and 5 (Willoughby, Wirth, Blair, & Family Life Project Investigators, 2012) , we expected that maximal reliability would be larger in the mixed-age sample than the within-age sample. That is, given age-based variation in EF tasks, we expected stronger correlations between EF tasks in the mixed versus within-age sample. Since developing our EF task battery, a ubiquitous question is whether the battery can be reduced in length and, if so, which subset of tasks is recommended as an optimal short form measure of EF. Following Raykov and Hancock (2005) , we considered changes in the maximal reliability as a principled approach for addressing this question. Because the maximal reliability of a latent construct, as defined here, cannot improve with the removal of indicators, a comparison of the difference in maximal reliability between the full and partial subset of tasks provides an empirical estimate of the cost that results from using a subset of tasks from the total battery. Hence, the secondary objective of this study was to determine the maximal reliability of all possible three-task combinations of the battery.
Whereas children completed five tasks at the age 3 assessment, they completed six tasks at the ages 4 and 5 assessments. Given that each task takes approximately 5 min to complete, reducing the battery to three tasks would result in a 50%-60% reduction in direct child assessment time. In many settings, especially large-scale studies, this may dictate whether EF is assessed at all.
Method Participants
The Family Life Project is a prospective longitudinal study of a representative sample of N ϭ 1,292 children who reside in two of the four major geographical areas of the United States with high poverty rates. Full details regarding the sampling and study design, as well as a description of families and communities, is provided elsewhere (Vernon-Feagans, Cox, & Family Life Project Investigators, in press ). This study utilized data from the ages 3, 4, and 5 assessments.
Of the 1,123 (87% of the total sample) families who participated in the age 3 assessment, 973 children completed at least one EF task (M ϭ 3.5, SD ϭ 1.3 of five possible tasks). Of the 1,066 (83% of the total sample) families who participated in the age 4 assessment, 1,009 children completed at least one EF task (M ϭ 5.5, SD ϭ 1.0 of six possible tasks). Of the 1,099 (85% of the total sample) families who participated in the age 5 assessment, 1,036 children completed at least one EF task (M ϭ 5.8, SD ϭ 0.7 of six possible tasks). The discrepancies between the number of families who participated in a given visit and the number of children who completed EF tasks was primarily related to some visits having been completed by phone (i.e., for families who had moved more than 200 miles from the study area), in which case direct assessments with children were not possible; also, some children were unable to complete any EF tasks (i.e., 9% and 1% of children who were given an opportunity to complete EF tasks were unable to do so at ages 3 and 5, respectively). A total of 865 children (67% of the total sample) participated in EF testing at all three assessments, 171 children (13%) at two of three assessments, 87 children (7%) at one of three assessments, and 171 (13%) at none of the assessments. Children who did not complete any EF assessments (N ϭ 171) did not differ from children who completed one or more assessments (N ϭ 1,121) with respect to state of residence (36% vs. 41% residing in Pennsylvania, respectively, p ϭ .26), being recruited in the low-income stratum (77% vs. 78% poor, p ϭ .75), race (37% vs. 43% African American, p ϭ .15), or gender (56% vs. 50% male, p ϭ .19).
We also created a cross-sectional sample of mixed-age children who completed at least one EF assessment (N ϭ 1,121). This sample was created by sampling observations from across assessments. Specifically, for children who participated in only a single EF visit, we sampled their available data from that assessment. For children who participated in two or three assessments, we randomly sampled from which assessment their data were drawn. The sampling scheme ensured equal representation of child observations across the 3-to 5-year assessments; 373 (33%), 374 (33%), and 374 (33%) child observations were drawn from the ages 3, 4, and 5 assessments, respectively. This mixed-age sample more closely represented extant studies of EF in early childhood, which typically involve participants of varying ages. This document is copyrighted by the American Psychological Association or one of its allied publishers.
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Procedures
Families participated in home visits when study children were 3 (2 visits), 4 (1 visit), and 5 (1 visit) years old. On average, each home visit took approximately 2 hr to complete, of which children spent approximately 30 -45 min (including practice, administration, and breaks between tasks) completing EF tasks. Full details on the testing procedure were described in previous articles in this journal (Willoughby et al., 2010 .
Measures
The EF battery consisted of six tasks. Given space constraints, we provide an abbreviated description of tasks below.
Working Memory Span (WMS). This spanlike task is based upon principles described by Engle, Kane and collaborators (e.g., Kane & Engle, 2003) . The task requires children to perform the operation of naming and holding in mind two pieces of information simultaneously and to activate one of them (i.e., animal name) while overcoming interference occurring from the other (i.e., color name). Based on the results of pilot testing (focused on test burden), only the first 11 items were completed at age 3, whereas all 19 items were completed at ages 4 and 5.
Pick the Picture (PTP) game. This is a self-ordered pointing task (Cragg & Nation, 2007; Petrides & Milner, 1982) . This task requires working memory because children have to remember which pictures in each item set they have already touched. The PTP was too difficult for many 3-year-olds and was therefore administered to only 4-and 5-year-olds.
Silly Sounds Stroop (SSS). This task was derived from the Day-Night task developed by Gerstadt, Hong, and Diamond (1994) . This task requires inhibitory control, as children have to inhibit the tendency to associate bark and meow sounds with dogs and cats, respectively. Spatial Conflict (SC). This is a Simon task similar to that used by Gerardi-Caulton (2000) . Whereas children respond to the initial set of items by touching a response card in the same position as the stimuli (e.g., the stimuli is presented on the left side of the test booklet, and the correct response requires that children touch the left side of their response cards), the test items require a contralateral response (e.g., the stimuli is presented on the left side of the test booklet, and the correct response requires that children touch the right side of their response cards; spatial location is no longer informative). The SC was completed at age 3.
Spatial Conflict Arrows (SCA). This task was identical in format to the SC task (above) with the exception that the test stimuli and response cards were altered to make the task slightly more difficult. The SCA was completed by the 4-and 5-year-olds.
Animal Go/No-Go (GNG). This is a standard go/no-go task (e.g., Durston et al., 2002) . The task includes varying numbers of go trials prior to each no-go trial, including, in standard order, 1-go, 3-go, 3-go, 5-go, 1-go, 1-go, and 3-go trials. No-go trials require inhibitory control.
Something's the Same (STS) game. This task was derived from Jacques and Zelazo's (2001) Flexible Item Selection task. This task requires children to shift their attention from the initial dimension of similarity to a new dimension of similarity.
Scoring EF Tasks
As previously discussed , task scoring was facilitated by drawing a calibration sample of children-all of whom were deemed to have high-quality data (e.g., data collectors did not report interruptions, children completed multiple tasks)-from across the assessments at ages 3, 4, and 5 (no child contributed data from more than one assessment). Graded response models were used to score the two tasks with polytomous item response formats (i.e., PTP, WMS), while two-parameter logistic models were used to score the remaining tasks (all of which involved dichotomous items response formats) in the calibration sample. The set of item parameters obtained from the calibration sample was applied to all children's EF data across all assessments, resulting in a set of item response theory-based (i.e., expected a posteriori) scores for each task that were on a common developmental scale. Those scores-which were all normally distributed (i.e., all skew and kurtosis Ͻ |1.2|)-served as the indicators for the CFA models that were estimated here.
Analytic Strategy
Separate sets of analyses were used with the ages 3, 4, and 5 data, as well as the mixed-age sample (i.e., identical analyses were repeated four times). Each analysis involved estimating a singlefactor CFA model using all of the individual EF tasks that were available at a given assessment. This included five tasks at the age 3 assessment (i.e., SC, SSS, GNG, WMS, STS), six tasks at the ages 4 and 5 assessments (i.e., SCA, SSS, GNG, WMS, STS, PTP), and seven tasks for the mixed-age sample (i.e., SC, SCA, SSS ‫ء‬ , GNG ‫ء‬ , WMS ‫ء‬ , STS ‫ء‬ , PTP; where tasks marked with an asterisk were common across all ages/samples). Support for a single-factor model for these tasks was previously reported (Willoughby et al., 2010; .
We computed rho (), an estimate of maximal reliability, for the full set of available tasks at a given age, as well as for up to 20 three-task combinations (the number of three-task combinations was smaller for the age 3 data than for the age 4, age 5, and mixed-age data because one fewer task was completed). Rho was computed following Equation 5 of Raykov and Hancock (2005) . This included using linear constraints of factor loading and item intercepts to obtain estimates of rho and obtaining bias-corrected bootstrapped standard errors to obtain 95% CIs for rho(s). CFA models used robust maximum-likelihood estimation as implemented in Version 6.1 of Mplus software (Muthén & Muthén, 1998 . All CFA models took into account individual probability weights but not stratification variables (used for participant recruitment), as the latter cannot be used in conjunction with the Mplus bootstrapping procedure that was essential for the computation of confidence intervals.
Results

Maximal Reliability
Mixed-age sample. Although we previously established that a single-factor model provided a good fit to the covariance between task scores separately at each assessment (ages 3, 4, and 5), the fit of the This document is copyrighted by the American Psychological Association or one of its allied publishers.
This article is intended solely for the personal use of the individual user and is not to be disseminated broadly. Within-age samples. Maximal reliability was also calculated at ages 3, 4, and 5. Maximal reliability was computed as ϭ .47 (95% CI [.37, .52]) for the set of five tasks that were completed at age 3, as ϭ .62 ([.57, .66]) for the set of six tasks that were completed at age 4, and as ϭ .61 ([.54, .66]) for the same set of six tasks that were completed at age 5. As expected, the within-age estimates of maximal reliability were consistently smaller than the comparable estimates that were obtained in the mixed-age sample (e.g., compare ϭ .47 vs. .62 for the set of five tasks that was completed at age 3 for the withinand mixed-age samples, respectively).
Derivation of Short Forms
Mixed-age sample. The maximal reliability and corresponding 95% CIs of 20 possible three-task combinations were computed (see Figure 1 ). The dashed line in Figure 1 represents the maximal reliability of EF as defined by the full set of six tasks ( ϭ .72). Notice that none of the three-task combinations have maximal reliability values that span this threshold. This indicated that there is a cost (i.e., decrement in maximal reliability of the latent variable of EF) when only a subset of tasks was used. Nonetheless, some three-task combinations were better than others.
The information depicted in Figure 1 was intended to be descriptive. We computed formal tests of difference in maximal reliability for each three-task combination relative to that from the full set of six tasks. These estimates of changes in maximal reliability, which we refer to as delta rho (⌬ ϭ full set of taskssubset of tasks ), are summarized in an online supplemental table. Consistent with Figure 1 , in no case did the 95% CI for delta rho include 0. This provided more formal support for the idea that all three-task short forms of the battery resulted in lower maximal reliability of the construct of EF than was the case for the full subset of tasks.
Within-age samples. Figure 2 depicts the maximal reliability and corresponding 95% CIs of each three-task combination at ages 3, 4, and 5. Because the PTP task was not completed at age 3, there are no age 3 estimates provided for three-task combinations that Figure 1 . Dot plot of maximal reliability and 95% confidence intervals for all three-task combinations using the mixed-age sample. The dashed line represents the maximal reliability of executive function as defined by the full set of six tasks ( ϭ .72). sts ϭ Something's the Same; wms ϭ Working Memory Span; ptp ϭ Pick the Picture; gng ϭ Go/No-Go; sss ϭ Silly Sounds Stroop; sca ϭ Spatial Conflict Arrows. This document is copyrighted by the American Psychological Association or one of its allied publishers.
involve this task. Moreover, the three-task combinations that include SCA should be understood to involve the SC task when they are provided for 3-year-old estimates (i.e., the SC task that was completed at the age 3 assessment was replaced by the SCA task at the ages 4 and 5 assessments); this convention facilitates a more economical depiction of results. With three exceptions at age 3, none of the three-task combinations have maximal reliability values that span that which is achieved when a full set of tasks is used. Consistent with the mixed-age sample results, this indicated that the decision to use fewer tasks resulted in significant decrements in maximal reliability relative to the use of the full battery. Formal tests of reductions in maximal reliability that result from using short forms of the battery are summarized in an online supplemental table. In no instance did the 95% CI for delta rho include 0.
Discussion
Numerous researchers have emphasized the value of using CFA models to define the construct of EF as that variation that is shared across a set of tasks that require cognitive processes necessary for problem-solving and goal-directed efforts. However, the good (often excellent) fit of CFA models to observed EF data should not be confused as evidence that selected tasks necessarily measure the latent variable of EF well. Maximal reliability provides a formal estimate of the quality of measurement of the latent variable of EF. Our results indicated that, whereas our battery did a respectable job of measuring the latent construct of EF in a mixed-age sample ( Ϸ .70), it did only a modest job of measuring the latent construct of EF in samples consisting of primarily 4-or 5-yearolds ( Ϸ .60) and a relatively poor job in a sample consisting of primarily 3-year-olds ( Ϸ .50).
The fact that maximal reliability of the mixed-age sample exceeded that reported at any single age underscores a subtle point; namely, the measurement properties of EF tasks are related to the between-subjects variability in task performance. To the extent that EF is measured in a mixed-age sample, where mean level differences in performance in age are evident, that battery of tasks will appear to do a better job of measuring the construct of EF than will a comparable set of tasks that are completed by a sample of participants who are highly similar in age. The use of the mixedage sample was intended to facilitate direct comparisons of the This document is copyrighted by the American Psychological Association or one of its allied publishers. This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
maximal reliability of this battery in this sample with comparable other studies, which nearly always involve children of mixed ages. Finally, although the estimates of maximal reliability that have been reported here do not invalidate the previously established criterion validity of this battery (Willoughby et al., 2010; , they indicate that the magnitude of reported criterion validity could have been improved had the latent variable of EF been measured with greater precision; that is, larger maximal reliability (see Penev & Raykov, 2006) . Although maximal reliability has not been routinely reported in previous studies that used CFA methods to define EF, it is easy to compute provided that standardized factor loadings are available (see the supplemental materials). Although they are the focus of a separate article, we have documented low levels of maximal reliability for latent variable representations of EF in many other studies that used a variety of different tasks for participants ranging from early childhood through old age (Willoughby, Holochwost, Blanton, & Blair, 2012) . To the extent that low maximal reliability is a characteristic of the construct of EF and not simply a limitation of specific EF tasks or their use during a specific developmental period, this may indicate the need to reexamine long-standing concerns related to the measurement of EF (Rabbitt, 1997) .
Given poor to moderate levels of maximal reliability of latent variables of EF, future studies may benefit from administering a larger number of tasks in order to achieve high levels of maximal reliability. This is consistent with conventional wisdom regarding measurement-increasing the number of items on a scale (or here the number of tasks in a battery) is a well-established method for improving reliability (Nunnally & Bernstein, 1994) . In the context of research studies, the use of planned missing designs, in which a large battery of tasks is administered but each child completes only a subset of all tasks (Graham, Taylor, Olchowski, & Cumsille, 2006) , may serve the dual function of improving the quality of measurement of the latent variable of EF without imposing undue test burden on participants, particularly young children. Obviously, this is not a solution for improving the measurement of EF in clinical assessment contexts.
A secondary focus of this study was the use of maximal reliability as a method for informing the development of short forms of task batteries. Although a focus on task reduction is somewhat at odds with the foregoing discussion indicating the likely need for more not fewer tasks to optimize the reliability of the construct of EF, practically speaking there are many situations in which researchers have only a short amount of direct child assessment time. In those instances, the administration of a subset of EF tasks may be preferable to not administering any at all. Quantifying the relative decrements in the maximal reliability of a latent variable of EF that resulted from using different subsets of tasks represents one method for identifying optimal short forms. The tendency for some three-task combinations to differ only slightly from the full set of tasks is indicative of the fact that some tasks are better indicators of the latent variable than are others (i.e., they have stronger factor loadings). Although our tasks were originally conceptualized as indicators of potentially distinct subcomponents of EF (i.e., inhibitory control, working memory, attention shifting), there is no consistent empirical evidence to support the differentiation of these subcomponents in early childhood. Nonetheless, researchers may still prefer to select tasks based on the facet of EF that each was intended to measure (e.g., whereas some researchers may choose three tasks that all purportedly measure inhibitory control, others may choose one task each for inhibitory control, working memory, and attention shifting). Substantive preference may inform the selection among three-task combinations with comparable levels of maximal reliability.
This study was characterized by at least four limitations. First, our tasks do a relatively better job of measuring EF ability in children characterized by low to average but not high levels of true ability (Willoughby, Wirth, & Blair, 2011; . This may have contributed to our estimates of maximal reliability. Second, the EF tasks were completed in a fixed order at each assessment (a necessity of the parent study). Counterbalancing the task order would have been a preferable design for the present purposes. Third, our EF assessment was embedded in home visits that included a large number of parent and child activities and that occurred at various points in the day. Reducing visit length and standardizing the times of the day that tasks were completed would have been more desirable for the present purposes. To the extent that test fatigue contributed to child performance on EF tasks, future studies might also consider randomly assigning children to complete subsets of tasks and focus on between-groups comparisons to inform maximal reliability. Fourth, the estimates of maximal reliability that have been reported here are sample-specific. Although this study benefited from a large sample size, the specific values obtained in future studies that use this battery may differ-though we would expect that these values would fall within the 95% confidence intervals that we have reported.
Executive function specifically and self-regulation more generally are currently hot topics in early childhood development. The recent literature has emphasized the dimensionality of EF tasks, including whether (and when) the dimensionality of EF tasks may change during the transition from early to middle childhood. As consensus on the dimensionality of EF is reached, it will be important that researchers not confuse the presence of good-fitting CFA models as evidence that the latent variable of EF has been measured well. To the extent that the maximal reliability of EF constructs is poor, this undermines efforts to describe the developmental course of EF, to validate the construct of EF, and to use EF as an outcome for intervention or training studies. In addition, a focus on changes in maximal reliability represents a principled method for deriving short forms of extant batteries. This solves a practical problem routinely encountered in research and clinical settings.
